Accumulation of aggregation-prone misfolded proteins disrupts normal cellular function and promotes ageing and disease. Bacteria, fungi and plants counteract this by solubilizing and refolding aggregated proteins via a powerful cytosolic ATP-dependent bichaperone system, comprising the AAA þ disaggregase Hsp100 and the Hsp70-Hsp40 system. Metazoa, however, lack Hsp100 disaggregases. We show that instead the Hsp110 member of the Hsp70 superfamily remodels the human Hsp70-Hsp40 system to efficiently disaggregate and refold aggregates of heat and chemically denatured proteins in vitro and in cell extracts. This Hsp110 effect relies on nucleotide exchange, not on ATPase activity, implying ATP-driven chaperoning is not required. Knock-down of nematode Caenorhabditis elegans Hsp110, but not an unrelated nucleotide exchange factor, compromises dissolution of heat-induced protein aggregates and severely shortens lifespan after heat shock. We conclude that in metazoa, Hsp70-Hsp40 powered by Hsp110 nucleotide exchange represents the crucial disaggregation machinery that reestablishes protein homeostasis to counteract protein unfolding stress.
Introduction
A broad range of intrinsic and extrinsic stress conditions perturbs protein homeostasis resulting in the accumulation of misfolded and aggregated proteins (Tyedmers et al, 2010; Vabulas et al, 2010) . Aggregation and loss of function of the misfolded proteins is accompanied by destabilization and sequestration of bystander proteins, endangering cell physiology and promoting disease and ageing (Gidalevitz et al, 2006 (Gidalevitz et al, , 2009 . To counteract deleterious consequences of aggregation, cells harbour elaborate protein quality control machineries that eliminate aggregates by chaperone-mediated disaggregation and refolding or degradation. Disaggregation and refolding predominates in bacteria, yeast and plants and is essential for thermotolerance and resistance to severe protein folding stress in these organisms (Parsell et al, 1994; Queitsch et al, 2000; Weibezahn et al, 2004) . For this, an Hsp100 chaperone (termed Hsp104 in S. cerevisiae and ClpB in E. coli) that belongs to the family of AAA þ -ATPases cooperates with the Hsp70-Hsp40 system (termed Ssa1-Ydj1 in S. cerevisiae and DnaK-DnaJ in E. coli) (Parsell et al, 1994; Glover and Lindquist 1998; Goloubinoff et al, 1999; Weibezahn et al, 2004; Tessarz et al, 2008) . The Hsp100 acts as a disaggregase that extracts individual polypeptides from the aggregate by threading them through the central pore of the ATPase hexamer (Barends et al, 2010; Haslberger et al, 2010) . However, Hsp104/ClpB in the absence of the partner Hsp70 system does not resolve protein aggregates (Glover and Lindquist, 1998; Goloubinoff et al, 1999; Weibezahn et al, 2004; Zietkiewicz et al, 2004; Winkler et al, 2012) . This defines the bichaperone system as the functional unit required for disaggregation and refolding activity. For thermally aggregated proteins, the disaggregation activity of the bichaperone systems of E. coli and S. cerevisiae is facilitated by the presence of small Hsps (sHsps) during the aggregation process which intercalate into the aggregates and probably affect the aggregate structure (Ehrnsperger et al, 1997; Lee et al, 1997; Mogk et al, 2003a; Ratajczak et al, 2009) . Although animal cells lack Hsp100 chaperones in the cytosol and nucleus, cell extracts show a disaggregation activity of unknown identity (Cohen et al, 2006; Bieschke et al, 2009; Murray et al, 2010) . To identify this disaggregation activity, we considered an involvement of the Hsp70-Hsp40 system for several reasons. First, members of the Hsp70 and Hsp40 families are central components of the cellular protein quality control system that prevent aggregation and promote refolding of misfolded proteins (Young, 2010; Hartl et al, 2011) . Second, Hsp70s colocalize with protein aggregates in animal cells, hinting at an activity associated with aggregates (Garcia-Mata et al, 2002; Kim et al, 2002) . Third, the yeast and bacterial Hsp70-Hsp40 systems directly interact with protein aggregates to initiate the disaggregation process by the Hsp100-dependent bichaperone system (Weibezahn et al, 2004; Zietkiewicz et al, 2006) . Fourth, Hsp70-Hsp40 without Hsp100 has a limited capacity to solubilize aggregates in vitro; this activity seems tightly restricted to aggregates that are small or have low b-sheet content (Diamant et al, 2000; Lewandowska et al, 2007) . In other studies, no such activity was detected (Glover and Lindquist, 1998; Goloubinoff et al, 1999; Weibezahn et al, 2004; Cashikar et al, 2005; Haslberger et al, 2008; Miot et al, 2011) . In light of these data, we surmised that cooperation partner(s) of Hsp70 confer disaggregation activity to Hsp70.
Hsp70s perform their various tasks by interacting with assorted co-chaperones that stimulate ATP-dependent folding by Hsp70 and direct the chaperone to substrates or specific cellular sites (Kabani, 2009; Kampinga and Craig, 2010; Young, 2010) . Hsp40 co-chaperones stimulate ATP hydrolysis by Hsp70, resulting in an Hsp70 conformation with high affinity for substrate. Nucleotide exchange factors (NEFs) stimulate ADP release that enables rebinding of ATP to Hsp70, restoring the low affinity conformation and triggering substrate release. Hsp110 proteins represent a distinct eukaryotic branch of the Hsp70 chaperone superfamily that lack substrate refolding activity but instead act as NEFs for Hsp70s (Dragovic et al, 2006; Raviol et al, 2006b) . Although passive substrate binding has been attributed to Hsp110s (Oh et al, 1999; Polier et al, 2010) , it remains unclear whether this is relevant to Hsp70-mediated folding events. However, mammalian Hsp110s associate with disease-related amyloidogenic proteins and protein aggregates such as mutant SOD1 or tau (Yamashita et al, 2007; Wang et al, 2009; Eroglu et al, 2010; Olzscha et al, 2011) . This prompted us to test whether the Hsp110s enable Hsp70-mediated metazoan disaggregation.
We show a novel activity for Hsp110 functionally associated with the metazoan Hsp70 system in protein disaggregation. This primarily involves Hsp110 nucleotide exchange activity rather than canonical ATPase-dependent chaperone function. Further, we show that this Hsp110 activity is required for protein aggregate solubilization in the nematode Caenorhabditis elegans and that downregulation of Hsp110 greatly reduces worm lifespan after heat shock.
Results

Test system for in vitro analysis of protein disaggregation
We addressed the disaggregation potential of the human Hsp70 system by employing well-established in vitro chaperone assays using firefly luciferase and malate dehydrogenase (MDH) as model thermolabile substrates, and two different aggregation methods, to span a wide spectrum of potential aggregate size, structure and chaperone stringency requirements for solubilization. In one assay, luciferase was chemically denatured by urea and diluted from denaturant into chaperone-free buffer, resulting in the formation of stable aggregates (Schröder et al, 1993; Glover and Lindquist, 1998) . In the other assay, luciferase and MDH were aggregated by heating in the presence or absence of the heat-activatable small heat-shock protein Hsp26 that co-aggregates with proteins, rendering aggregates more amenable to chaperone action (Goloubinoff et al, 1999; Cashikar et al, 2005; Haslbeck et al, 2005) . In addition, we tested the effect of substrate concentration during thermal aggregation, thus exploring the importance of a parameter which affects aggregation rates and perhaps aggregate structure. We applied two criteria to establish that chemical or thermal treatments caused aggregation of luciferase and MDH rather than misfolding. First, the efficient reactivation of treated proteins by the Hsp70-Hsp40 systems of S. cerevisiae (Ssa1-Ydj1) requires an Hsp100 disaggregase (Hsp104) (Figures 1C, 2C and E) . Second, the treated proteins become insoluble as judged by behaviour in centrifugation assays ( Figures 1A and 2A) .
We tested the disaggregation activity of the major human cytosolic Hsp70 system, consisting of the constitutively expressed Hsc70 (HSPA8) and the Hsp40 co-chaperone Hdj1 (DNAJB1), supplemented with one of the three human Hsp110s Apg2 (HSPH2), Hsp105 (HSPH1) or Apg1 (HSPH3). The nucleotide exchange activity of Apg1 and Apg2 has not been previously tested, so we used stopped flow kinetic measurements of nucleotide exchange for these proteins on Hsc70, and found that both were similarly potent NEFs for Hsc70 (Supplementary Figure 1A) . Both were equally effective in promoting nucleotide exchange from Hsp70 (HSPA1), suggesting no Hsp70 specificity. For comparison, we employed the human NEF Bag-1 or the soluble, catalytically active fragment of the yeast Bag-1-homologue Snl1 (Snl1DN). These are structurally unrelated to Hsp110s but stimulate nucleotide release by a similar mechanism (Sondermann et al, 2001; Andreasson et al, 2008a) . Both Bag-1 homologues functioned as NEFs for Hsc70 (Supplementary Figure 1B) , but were less potent than Apg1 and Apg2. Because the Hsp110s displayed higher activities than Bag-1 or Snl1DN, and also because excessive NEF concentrations inhibit Hsp70-mediated substrate reactivation (Dragovic et al, 2006; Tzankov et al, 2008) , we titrated all NEFs employed in this study to achieve optimal stimulation of protein disaggregation (Supplementary Figure 1C) .
To account for potential Hsp40-specific effects, we compared type I versus type II Hsp40 proteins. Both type I and type II Hsp40s stimulate the Hsp70 ATPase and have similar potential for promiscuous substrate interactions (Kampinga and Craig, 2010) . However, the specificities and kinetics for substrate interactions differ (Lu and Cyr, 1998; Fan et al, 2004; Cintron and Toft, 2006) . Therefore, we performed our experiments using the predominant representatives, human Hdj1 (type II) and yeast Ydj1 (type I) and alternatively also human DNAJA2 (type I) and yeast Sis1 (type II) (Kampinga and Craig, 2010) .
Hsp110 enables human Hsp70 system to efficiently reactivate chemically aggregated luciferase When luciferase was aggregated by urea treatment and dilution into refolding buffer, followed by the addition of chaperones, human Hsc70 with Hdj1 did not support luciferase reactivation. In contrast, addition of the Hsp110 Apg2 stimulated reactivation of luciferase to B70% of native control over a 2-h period ( Figure 1B ). Apg2 alone was not effective. Under these experimental conditions, protein disaggregation and refolding activity for the human Hsc70-Hdj1-Apg2 system is comparable, albeit slower, to the activity of the yeast bichaperone system consisting of Ssa1, Ydj1 and the disaggregase Hsp104 ( Figure 1C ). Consistent with previous reports (Glover and Lindquist, 1998; Tessarz et al, 2008) and similar to the human Hsc70-Hdj1 system, the yeast Ssa1-Ydj1 system alone did not support reactivation of aggregates of chemically denatured luciferase ( Figure 1C ), providing important testimony to the aggregated state of luciferase.
We then tested whether the critical role of Apg2 for protein disaggregation is a general feature of mammalian Hsp110 proteins. For the Hsc70-Hdj1 system, inclusion of any one of the three human Hsp110 homologues Hsp105, Apg2 and Apg1 was equally effective in luciferase solubilization and reactivation ( Figure 1B) . Together, these data demonstrate that with an Hsp110-type NEF, the human Hsp70 system efficiently reactivates luciferase from urea-induced aggregates, confirming a disaggregation activity for the Hsp110 chaperone system.
For the yeast Ssa1-Ydj1 system, inclusion of the Hsp110-type NEF Sse1 also increased the final yield and rate of luciferase reactivation from aggregates obtained from chemical denaturation, although to a lesser extent as compared to the human Hsp110-Hsc70-Hdj1 system ( Figure 1B and C). The unrelated NEF Snl1DN also stimulated reactivation by Ssa1 and Ydj1. These findings demonstrate that upon addition of Sse1 (or to a lesser extent Snl1DN), the yeast Ssa1-Ydj1 system on its own is more effective in disaggregating luciferase than previously suspected since we observe substantial luciferase reactivation from chemically induced aggregates in absence of Hsp104. However, Hsp104 remains essential for fast and efficient solubilization of aggregates; addition to Ssa1-Ydj1-Sse1 profoundly increased both the yield and the kinetics of luciferase reactivation ( Figure 1C ). Our data furthermore show that the well-established bichaperone system of yeast, consisting of Ssa1, Ydj1 and Hsp104 (Glover and Lindquist, 1998; Cashikar et al, 2005; Haslbeck et al, 2005; Tessarz et al, 2008) is incomplete, since only the inclusion of an NEF for Ssa1 develops the full disaggregation potential of the yeast Hsp70 and Hsp100 chaperone machineries.
Hsp110 enables the human Hsp70 system to reactivate thermally aggregated luciferase and MDH The physiological significance of reversible protein aggregation is particularly striking during conditions that lead to thermal denaturation of proteins (Parsell et al, 1994) . Here, the supportive role of sHsps is well documented (Ehrnsperger et al, 1997; Lee et al, 1997; Mogk et al, 2003a; Ratajczak et al, 2009) . Therefore, we assayed the reactivation of luciferase heated to 451C in the presence of a five-fold molar excess of the heat-activatable Hsp26 of S. cerevisiae. Luciferase was heat aggregated at a high concentration (2 mM) and diluted 100-fold for the chaperone assays. Under these aggregation conditions, Hsc70, Hdj1 and Apg2 reactivated a lower amount of heat-aggregated luciferase (25%, Figure 2B ) compared to chemically aggregated luciferase (70%, Figure 1B) , but reached a level comparable to that achieved by the yeast bichaperone system composed of Ssa1, Ydj1 and Hsp104 ( Figure 2C ). In stark contrast to the human chaperones, the yeast Ssa1-Ydj1 system with or without Sse1 was incapable of promoting any reactivation in absence of the disaggregase Hsp104. These results suggest that the employed thermal aggregation procedure has more stringent chaperone requirements than is the case with chemical aggregation of luciferase, since the yeast Ssa1-Ydj1-NEF system was able to reactivate 30-40% of chemically aggregated luciferase ( Figure 1C ). Only upon further addition of the disaggregase Hsp104 did the yeast Ssa1-Ydj1 system show disaggregation activity towards heat-induced aggregates, albeit with low rates and yields ( Figure 2C ). However, upon additional inclusion of the NEF Sse1, luciferase disaggregation rate and yields increased strongly as compared to Ssa1, Ydj1 and Hsp104 without Sse1. This demonstrates that previous in vitro studies (Glover and Lindquist, 1998; Cashikar et al, 2005; Haslbeck et al, 2005; Tessarz et al, 2008) may have underestimated the disaggregation capacity of the yeast chaperones.
To test aggregation conditions that might resemble protein aggregation in vivo more closely, we heat-aggregated luciferase at a 100-fold lower concentration (20 nM), again in the presence of a five-fold molar excess of Hsp26, resulting in insolubility of the luciferase. Under these conditions, human Hsc70 and Hdj1, with or without Apg2, were significantly faster and more potent in reactivating luciferase, resulting in ca. 40% reactivation without or 70% reactivation with Apg2 ( Figure 2D ). The efficiency of yeast chaperones Ssa1, Ydj1 and Sse1 with or without Hsp104 was largely unchanged and Hsp104 was still required for disaggregation ( Figure 2E ). We conclude that the human Hsp70-Hsp40-Hsp110 system consisting of Hsc70, Hdj1 and Apg2 reactivates luciferase from heat-induced aggregates obtained under two different conditions. Aggregates from either condition were completely inert to the action of the yeast complement of chaperones comprised Ssa1, Ydj1 and Sse1. In contrast to the human system, the yeast disaggregation machinery required Hsp104.
Thus, we observed a striking increase in efficiency for the human Hsp70 system when luciferase was heat aggregated at a low concentration ( Figure 2B and D), although not for the yeast Hsp70 system ( Figure 2C and E). To test whether the aggregates obtained at the two conditions (2 mM versus 20 nM luciferase) differed structurally, we monitored their density by glycerol gradient centrifugation. We observed that aggregates obtained at 2 mM migrated more deeply into the gradient than those obtained at 20 nM ( Supplementary Figure 2A) , suggesting that the more chaperone-resistant aggregates are larger or more densely packed than the more amenable ones. Reactivation of 20 nM luciferase from urea-induced aggregates was monitored upon addition of the human Hsp70-Hsp40 (2 mM Hsc70, 1 mM Hdj1) or Hsp70-Hsp40-Hsp110 system (Hsc70, Hdj1 and 0.2-0.4 mM Hsp105, Apg2 or Apg1). (C) Reactivation of chemically aggregated luciferase by the yeast Hsp70-Hsp40-NEF system (2 mM Ssa1, 1 mM Ydj1 ± 0.1 mM Sse1 or 2 mM Snl1DN) or bichaperone system including the disaggregase Hsp104 (Ssa1, Ydj1, 1 mM Hsp104 ± Sse1). Reactivation data shown represent the average of at least three experiments ± s.e.
Aggregates obtained at 20 nM displayed a small, but reproducible shift by approximately two fractions (Supplementary Figure 2A) . This experimental set-up does not provide information on the exact size of these aggregates, but the protein complexes formed under these conditions clearly qualify as aggregates on the basis of their insolubility, their dependence on the yeast bichaperone system (i.e., Hsp104) for reactivation, and the observed shift in glycerol gradient centrifugation. Interestingly, Hsp26 co-migrated with both types of aggregates in the glycerol gradient, however the observed patterns likely reflect both substrate binding and substrate-independent changes in the oligomeric status of Hsp26 (Haslbeck et al, 1999) . To investigate the effects of substrate concentration during aggregation as well as the contribution of sHsps in more detail, we monitored reactivation of luciferase heat-aggregated at both concentrations, but in the absence of Hsp26. Strikingly, Hsp26 was absolutely required for luciferase reactivation from aggregates obtained at the higher 2 mM luciferase concentration. Even the well-established yeast bichaperone system was incapable of reactivating luciferase aggregated in the absence of Hsp26 (Supplementary Figure 2B) , underscoring the severity of the aggregation regime. In contrast, heat-aggregation of luciferase at the lower concentration of 20 nM abolished the Hsp26 inclusion requirement for disaggregation. The human Hsc70-Hdj1-Apg2 system was only slightly less efficient for reactivation of luciferase that was heat-aggregated alone versus in the presence of Hsp26 (Supplementary Figure 1C ; Figure 2D ). Reactivation of luciferase aggregates by the yeast chaperones was also marginally lower in the absence of Hsp26 (Supplementary Figure 2D) . Therefore, aggregation in the presence of Hsp26 at low substrate concentration represents a less stringent condition with respect to chaperone requirements, which may explain the relatively high activity of Hsc70 with Hdj1 even in the absence of Apg2.
Hence, while the Hsp70-Hsp40-Hsp110 system of yeast, Ssa1, Ydj1 and Sse1, invariably fails to disaggregate heattreated luciferase efficiently, the corresponding human system, Hsc70, Hdj1 and Apg2, can act even on aggregates obtained under severe conditions and efficiently solubilizes aggregates formed under more permissive conditions such as The disaggregation activity of the human Hsp70-Hsp40-Hsp110 extends to heat-aggregated luciferase as well as MDH. (A) Luciferase levels in supernatants and pellets of native or thermally aggregated luciferase samples. (B) Luciferase (2 mM) was heat aggregated in the presence of Hsp26, diluted to 20 nM luciferase and subsequently, reactivation was monitored upon addition of the human Hsp70 system±Hsp110 (2 mM Hsc70, 1 mM Hdj1 and 0.4 mM Apg2). (C) Reactivation of heat-aggregated luciferase treated as in (B) was monitored upon addition of the yeast Hsp70-Hsp40-NEF system (2 mM Ssa1, 1 mM Ydj1±0.1 mM Sse1 or 2 mM Snl1DN) or bichaperone system including the disaggregase Hsp104 (Ssa1, Ydj1, 1 mM Hsp104±Sse1). (D) Luciferase (20 nM) was heat aggregated in the presence of Hsp26 and reactivation was monitored upon addition of the human Hsp70 system (2 mM Hsc70, 1 mM Hdj1 ± 0.2 mM Apg2). (E) Luciferase (20 nM) was heat aggregated in the presence of Hsp26 and reactivation was monitored upon addition of the yeast Hsp70 or bichaperone system (2 mM Ssa1, 1 mM Ydj1 ± 0.2 mM Sse1, ± 1 mM Hsp104). (F) MDH (0.5 mM) was thermally aggregated and, after four-fold dilution, reactivation was monitored upon addition of the human Hsp70-Hsp40-NEF system (4 mM Hsp70, 2 mM Hdj1 ± 0.4 mM Apg2). Reactivation data shown represent the average of at least three experiments±s.e.
Disaggregation by animal Hsp110-Hsp70-Hsp40 H Rampelt et al chemical aggregation or thermal aggregation at low substrate concentration. Hsp26 increases solubilization under our permissive conditions and renders otherwise inert aggregates amenable to chaperones under our more drastic conditions, effectively enhancing disaggregation. In conclusion, we demonstrate that the human Hsp70 system in conjunction with Hsp110 possesses remarkable disaggregation activity towards both chemically and thermally aggregated luciferase.
These findings were further corroborated using the alternative substrate MDH that formed aggregates by heat treatment (471C) in the absence of a small Hsp. Consistent with previous reports (Goloubinoff et al, 1999) , we found that the yeast Ssa1-Ydj1 system absolutely required the disaggregase Hsp104 for MDH reactivation (Supplementary Figure 2E) . In contrast, human Hsp70 with Hdj1 already displayed some disaggregation activity, which was significantly stimulated by Apg2 ( Figure 2F ). These results together establish that human Hsp110 NEFs enable the Hsp70 system to acquire substantial disaggregation activity. This activity of the human Hsp110-Hsc70-Hdj1 system contrasts sharply with the yeast Sse1-Ssa1-Ydj1 system that is largely inactive in MDH disaggregation and requires the disaggregase Hsp104 for similar yields of refolded substrate.
Solubilization of mixed ex vivo aggregates
We next investigated whether disaggregation by the human Hsp70 system extends to protein aggregates generated within the complex milieu in heat-treated lysates of human U2OS cells. To have a read-out for reactivation of aggregated proteins as well as to monitor luciferase aggregation in vivo by fluorescence microscopy (see below), we expressed the heat-labile EGFP-luciferase fusion in the U2OS cells. After heat shock at 451C, most of the EGFP-luciferase was insoluble ( Figure 3A) , with no spontaneous solubilization or reactivation observed over the course of a 4-h incubation ( Figure 3B ). Addition of human Hsc70, Hdj1 and Apg2 to heat-shocked lysate, however, resulted in almost quantitative solubilization of EGFP-luciferase ( Figure 3A) . Importantly, ca. 60% of the luciferase reached the native state after disaggregation with human Hsc70, Hdj1 and Apg2, whereas only 20% luciferase was reactivated by Hsc70 and Hdj1 alone ( Figure 3B ). The yeast Ssa1-Ydj1-Sse1 system was unable to reactivate aggregated luciferase, and even with Hsp104 additionally present, only 20% luciferase was reactivated ( Figure 3B ). For this reason, the bacterial bichaperone system comprising DnaK (Hsp70), DnaJ (Hsp40), GrpE (NEF) and the disaggregase ClpB served as a positive control. DnaKJE with ClpB quantitatively solubilized and reactivated EGFP-luciferase ( Figure 3A and B).
In conclusion, we demonstrate that the human Hsp70-Hsp40-Hsp110 potently disaggregates luciferase from aggregates in human cell lysate.
Protein disaggregation requires Hsp110 NEF activity
To determine which properties of Apg2 stimulate protein disaggregation, we first examined the NEF activity. The Sse1 mutant protein Sse1-2 carrying the point mutations N572Y and E575A does not interact with Hsp70 and lacks NEF activity (Polier et al, 2008) . These residues are conserved in the human Hsp110 homologues, allowing us to generate the corresponding Apg2 variant, Apg2-N619Y/E622A (Supplementary Figure 3A) . We determined by stopped flow kinetic measurements of MABA-ADP dissociation from human Hsc70 that Apg2-N619Y/E622A, similar to Sse1-2, displayed strongly impaired NEF activity ( Figure 4A ) and was deficient in interacting with human Hsc70 ( Figure 4B ). This deficiency in promoting nucleotide exchange resulted in drastically reduced reactivation of heat-aggregated luciferase ( Figure 4C ), indicating that NEF activity of Apg2 or its interaction with Hsc70 is vital for its role in disaggregation.
In line with the notion that NEF activity represents an essential contribution of Apg2 to the disaggregation activity of the Hsp70 system, we observed a strong inhibition of luciferase disaggregation with increasing Apg2 concentrations. This was already manifest at sub-stoichiometric Apg2-Hsc70 ratios ( Figure 4D ). Inhibition of Hsp70 functions has been observed for other NEFs (Packschies et al, 1997; Bimston et al, 1998; Gassler et al, 2001; Kabani et al, 2002; Yamagishi et al, 2004; Dragovic et al, 2006; Raviol et al, 2006b; Polier et al, 2008) and in the case of Hsp110s reflects the increasing disruption of the Hsp70 ATPase cycle due to release of ATP prior to hydrolysis (Yamagishi et al, 2004; Raviol et al, 2006b ). In contrast, increasing Apg2 levels would not be expected to decrease disaggregation if substrate binding or holdase activity was the major contribution of Apg2. The human Hsp70-Hsp40-Hsp110 system resolubilizes aggregates from cell lysates containing EGFP-luciferase. (A) EGFPluciferase levels in supernatants and pellets of native or heatshocked cell lysates after incubation at 301C in the absence of chaperones or in the presence of 2 mM Hsc70, 1 mM Hdj1 and 0.2 mM Apg2 or the E. coli bichaperone system consisting of Hsp70, Hsp40, NEF and Hsp100-type disaggregase (2 mM DnaK, 0.4 mM DnaJ, 0.2 mM GrpE (DnaKJE) and 1 mM ClpB). (B) Reactivation of heataggregated EGFP-luciferase after 4 h at 301C in the absence or presence of the indicated chaperones. Concentrations were as indicated above, the yeast chaperones were added at the following concentrations: Ssa1 2 mM, Ydj1 1 mM, Sse1 0.2 mM, Hsp104 1 mM. Aside from the last combination for which one representative data set out of two is shown, reactivation data shown represent the average of at least four experiments±s.e.
Hsp110 does not require an ATPase-dependent, chaperone-like activity
We next addressed the possibility that Apg2 might also support disaggregation by a chaperone-like mechanism. Apg2 can interact with substrates as evidenced by a partial prevention of thermal aggregation (Gotoh et al, 2004; Supplementary Figure 3B) . ATP hydrolysis is a central regulatory feature in the canonical chaperone function of Hsp70, and a recent study reported that Hsp110s also have decreased affinities towards peptides in the presence of ATP (Xu et al, 2012) . We therefore investigated whether Apg2 ATPase activity is important for protein disaggregation. Based on a known Hsc70 ATPasedeficient mutation (Wilbanks et al, 1994) we generated the Apg2 variant Apg2-D7S, corresponding to Hsc70-D10S, which is mutated in the catalytic centre of the ATPase domain. The steady-state ATPase activity of wild-type Apg2 (0.0025 ATP hydrolysed per second) agreed very well with values determined earlier (Raviol et al, 2006a) . In contrast, Apg2-D7S had a significantly reduced steady-state ATPase activity with 0.0007 ATP hydrolysed per second (Supplementary Figure 3C) . Still, Apg2-D7S supported disaggregation to the same level as wild-type Apg2 ( Figure 4E ). These results demonstrate that the ATPase activity of Apg2, and consequently nucleotide regulation of potential substrate interactions of Apg2, is not required for the protein disaggregation function.
These results indicate that Apg2-mediated stimulation of protein disaggregation depends mainly on functional nucleotide exchange. A novel activity specific to human Hsp110s (versus yeast Hsp110, Sse1) therefore seemed unlikely. We then directly tested whether the protein disaggregation function is specific to human Hsp110s or can also be fulfilled by yeast Sse1, provided the appropriate Hsp70-Hsp40 partner system is present. For this, we monitored disaggregation of thermally aggregated luciferase by Hsc70 and Hdj1 with either human Apg2 or yeast Sse1 ( Figure 4F) . Strikingly, Sse1 supported luciferase reactivation almost as effectively as the human Apg2, implying the powerful disaggregation activity of the human Hsp70 system requires a function provided by Hsp110 but not unique to human Hsp110. Yeast Sse1 fully supports human Hsc70/Hdj1 in protein disaggregation, allowing us to test Sse1 mutant proteins as substitutes for human counterparts. We monitored disaggregation with Sse1-K69M, a well-established Hsp110 mutant that completely lacks ATPase activity (Raviol et al, 2006a) , replacing Apg2 in the human Hsp70 system. We found that Apg2 and Sse1-K69M proteins support luciferase disaggregation equally well ( Figure 4F ), confirming our conclusion that Hsp110 does not power disaggregation through an ATP-driven chaperone-like mechanism.
Efficient disaggregation depends on all components of the Hsp70 system
Since NEF activity appears to be an essential contribution of Hsp110s towards efficient protein disaggregation, we tested whether a human NEF unrelated to Hsp110 (Bag-1) could promote disaggregation. Strikingly, Bag-1 did not aid the human Hsp70-Hdj1 system in the disaggregation of chemically aggregated luciferase ( Figure 5A ), although it can stimulate luciferase refolding by Hsc70 and Hdj1 and although we took into account the comparatively lower NEF activity of Bag-1 (Gassler et al, 2001 ; Supplementary  Figure 1) by testing a range of concentrations (Supplementary Figure 1C) . Similarly, employing the yeast Bag-1 homologue Snl1DN instead of Bag-1 did not facilitate luciferase reactivation by Hsc70 and Hdj1 ( Figure 5A ). Furthermore, Bag-1 was completely unable to stimulate disaggregation of thermally aggregated luciferase ( Figure 5B ) or MDH ( Figure 5C ) by human Hsc70/Hsp70 and Hdj1. These findings are particularly puzzling in light of the fact that Hsp110s and Bag-1-type NEFs employ a similar nucleotide exchange mechanism (Sondermann et al, 2001; Andreasson et al, 2008a) . One possible explanation for this apparent paradox is that the Figure 5 Efficient disaggregation depends on all components of the Hsp70 system. (A) Reactivation of 20 nM luciferase from urea-induced aggregates was monitored upon addition of the human Hsp70 system (2 mM Hsc70, 1 mM Hdj1 ± 0.4 mM Apg2 or 0.4 mM Bag-1 or 2 mM Snl1DN). (B) Luciferase (2 mM) was heat aggregated in the presence of Hsp26, diluted to 20 nM luciferase and subsequently, reactivation was monitored upon addition of the human Hsp70 system (2 mM Hsc70, 1 mM Hdj1±0.4 mM Apg2 or 0.4 mM Bag-1). (C) MDH (0.5 mM) was thermally aggregated and, after four-fold dilution, reactivation was monitored upon addition of the human Hsp70 system (4 mM Hsp70, 2 mM Hdj1 ± 0.4 mM Apg2 or 0.4 mM Bag-1). For Bag-1, one representative data set out of two is shown. (D) Luciferase (2 mM) was heat aggregated in the presence of Hsp26, diluted to 20 nM luciferase and subsequently, reactivation was monitored upon addition of the human Hsp70 system (2 mM Hsc70, 1 mM DNAJA2 and 0.2 mM Apg2 or 0.8 mM Bag-1 or 1 mM Snl1DN). One representative data set out of two is shown. (E) Luciferase (20 nM) was heat aggregated in the presence of Hsp26 and reactivation was monitored upon addition of the human Hsp70 system (2 mM Hsc70, 1 mM DNAJA2 and 0.2 mM Apg2 or 0.4 mM Bag-1 or 1 mM Snl1DN). For Snl1DN, one representative data set out of two is shown. Reactivation data shown in this figure represent the average of at least three experiments±s.e. except where stated otherwise.
Disaggregation by animal Hsp110-Hsp70-Hsp40 H Rampelt et al Hsc70 ATPase cycle might proceed with different kinetics depending on the NEF present, resulting in vastly different disaggregation efficiencies. Alternatively, passive substrate interactions of Hsp110 might contribute to efficient disaggregation. Although it is unclear which parameter of the cycle is affected differently by the two NEFs, it is evident that Hsp70 functional cycling equally depends on the Hsp40 protein present. In addition, substrate targeting to Hsp70 depends on Hsp40. For these reasons, we addressed the specific contribution of the Hsp40 component by replacing Hdj1, a type II Hsp40, with the type I Hsp40 DNAJA2 (Kampinga and Craig, 2010) . We then tested disaggregation of thermally aggregated luciferase by this alternative Hsp70 system comprising Hsc70, DNAJA2 and an NEF. When luciferase was aggregated at the higher concentration of 2 mM, the combination of Hsc70, DNAJA2 and Apg2 reactivated 10% of the luciferase ( Figure 5D ) versus 25-30% for Hsc70, Hdj1 and Apg2 ( Figure 2B ). The relatively low efficiency indicates that only a minor sub-population of inactivated luciferase, possibly even a soluble fraction (see also Figure 2A ), is amenable to the Hsc70-DNAJA2-Apg2 chaperone system. The observation that the reaction appears almost completed after 2 h supports this interpretation. This relatively low level of reactivation by Hsc70, DNAJA2 and Apg2 was also achieved by replacing Apg2 with Bag-1 ( Figure 5D ). When luciferase was heat aggregated at the lower concentration of 20 nM luciferase, a substantial fraction of luciferase was disaggregated by the Hsc70-DNAJA2-Apg2 combination ( Figure 5E ). Moreover, Apg2 and Bag-1 were equally effective in supporting luciferase reactivation ( Figure 5E ). To exclude the possibility that non-NEF activities of Bag-1, exerted by any one of its several subdomains, might contribute to disaggregation, we tested the yeast Bag-1 homologue Snl1DN that comprises only the BAG domain responsible for nucleotide exchange. This NEF supported disaggregation together with Hsc70 and DNAJA2 as well as did Bag-1 ( Figure 5D and E), indicating that only nucleotide exchange is required under these conditions. Unlike Bag-1, Apg2 supported disaggregation irrespective of the J-protein employed to levels dependent on the Hsp40 present.
These results demonstrate that the Hsp40 plays an important role in disaggregation. We therefore asked whether disaggregation of permissively heat-aggregated luciferase by the yeast chaperones might require a type II Hsp40 protein. We replaced Ydj1 with Sis1 in the yeast system and observed only marginal reactivation in the absence of Hsp104 (Supplementary Figure 3D) . We conclude the yeast Hsp70 is unable to reactivate heat-aggregated luciferase with an alternative Hsp40.
Supporting the inference that Bag-1 has a limited capacity to drive disaggregation, we noted that Hsc70 and Hdj1 with Bag-1 added exogenously to heat-shocked human cell lysates reactivated a fraction of endogenously expressed luciferase (ca. 40% of luciferase reactivated) (Supplementary Figure 3E) , unlike our results using purified systems where the Hsc70-Hdj1-Bag-1 system was completely inactive (Figure 5A-C) . This partial activity could be due to additional factors in the lysates or may reflect differences in the structure and amenability of the aggregates resulting from differences in their composition and formation.
In summary, our results indicate that Apg2 enables efficient disaggregation in vitro primarily via NEF activity. Under aggregation conditions with less stringent chaperone requirements, NEF activity is sufficient for protein disaggregation by Hsc70 with DNAJA2 since BAG-domain NEFs can substitute for Hsp110 ( Figure 5E ).
Hsp110 proteins colocalize with EGFP-luciferase foci after heat shock
Our in vitro results with chemically and thermally aggregated proteins indicate that an Hsp110 NEF is mandatory for efficient disaggregation by Hsc70 together with Hdj1, the Hsp40 homologue that is by far predominant after heat shock (Hageman et al, 2011) and required for survival after heat shock (Uchiyama et al, 2006) . Therefore, we asked whether endogenous Apg2 in human U2OS cells colocalizes in vivo with EGFP-luciferase after heat shock. Heat shock at 451C for 30 min caused accumulation of fluorescent foci containing both EGFP-luciferase and Apg2 with partially overlapping localization (Supplementary Figure 4 , middle panels). This partial colocalization was evident also after heat-shocked cells were shifted back to 371C for 30 min, with aggregates of EGFP-luciferase and Apg2 sometimes coalescing in the perinuclear region (Supplementary Figure 4 , lower panels). We also saw this perinuclear focal pattern of Apg2 in heat-shocked cells not expressing EGFP-luciferase, suggesting that Apg2 may colocalize with aggregated endogenous proteins in these cells. Whether protein aggregation during heat shock at 451C for 30 min can be reversed by human chaperones is still unclear. However, our observations suggest that aggregated EGFP-luciferase and human Hsp110s are localized to the same subcellular structures. This implicates human Hsp110s in protein aggregate management. Our observation that human Hsp110 colocalizes with heat-induced aggregates extends previous findings demonstrating Hsp105 colocalization with amyloid inclusions (Ishihara et al, 2003; Wang et al, 2009; Olzscha et al, 2011) .
Hsp110 is required in vivo for solubilization of aggregates
To confirm our findings in vivo, we analysed the role of Hsp110s in aggregation and disaggregation in transgenic C. elegans expressing luciferase-YFP in muscle cells as a sensor for protein aggregation. The C. elegans genome encodes three Hsp70-related putative NEFs. Two are ER localized and belong to the Grp170 protein family (Easton et al, 2000) , and there is a single Hsp110 member, C30C11.4 (Nikolaidis and Nei, 2004) . We assayed the contribution of the Hsp110 to disaggregation activity in worms maintained at either normal growth conditions (201C) or exposed to a heat shock at 351C. We used RNAi knock-down after heat shock to follow the effect of Hsp110 on protein disaggregation as opposed to prevention of aggregation. Large foci of aggregated luciferase-YFP appeared after a 1 h heat shock at 351C; these disappeared during 24 h recovery in control animals fed with E. coli expressing only the empty RNAi vector L4440. ( Figure 6A , upper panels; Figure 6C ). However, in animals fed with E. coli expressing Hsp110 dsRNA postheat shock, the luciferase foci persisted and accumulated during recovery ( Figure 6A , lower panels; Figure 6C ).
To differentiate between a specific role in protein disaggregation versus a more general role as an NEF, we compared disaggregation of heat-aggregated luciferase upon knockdown of the C. elegans bag-1 homologue. Upon knockdown of bag-1, protein aggregates similar to those in control Disaggregation by animal Hsp110-Hsp70-Hsp40 H Rampelt et al animals appeared within 12 h. However, in contrast to Hsp110-depleted animals and similar to control animals, bag-1-depleted animals completely recovered and no further accumulation of insoluble luciferase species could be detected after 24 h. This suggests that depletion of Hsp110 within the cell, but not of Bag-1, interferes with the solubilization of heat-aggregated proteins ( Figure 6A , lower panels; Figure 6C ). This could explain the reduced luciferase reactivation in heat-shocked Hsp105 À / À cells recently observed (Yamagishi et al, 2011) . Fluorescence recovery after photobleaching (FRAP) analysis performed on animals 24 h after the heat shock showed the luciferase-YFP in controls or upon knock-down of bag-1 was soluble and mobile. In contrast, foci formed in animals with reduced Hsp110 did not recover any fluorescence signal after photobleaching, reflecting complete insolubility of the luciferase-YFP aggregates ( Figure 6B ). These results demonstrate that absence of Hsp110 in vivo renders C. elegans unable to resolubilize luciferase-YFP aggregates. These data provide evidence that Hsp110 is an essential component of the protein disaggregation machinery in C. elegans.
To investigate whether interfering with protein disaggregation is detrimental on an organismal level, we examined the nematode lifespan with reduced expression of Hsp110 (C30C11.4), or the Hsp70 homologue hsp-1, or both. The knock-down of hsp-1 led to a developmental delay of about 1 day in 80% of the analysed animals. However, all animals grown on RNAi against hsp-1 and hsp-1/C30C11.4 reached adulthood and did not display any other obvious phenotypes. For animals grown at 201C, RNAi against either Hsp110 or Hsp70 led to a slight reduction in lifespan of 1-2 days (Figure 7 left panel) . This phenotype was only slightly aggravated in the double knock-down of Hsp110 and Hsp70 with the lifespan reduced by about 3 days. This probably reflects the housekeeping role of Hsp110 in Hsp70-mediated protein folding. The limited phenotypes for single knockdowns of either Hsp110 or Hsp70 are consistent with redundant chaperone roles under unstressed control conditions. Strikingly, however, when animals were exposed to a 1 h heat shock (351C) on day 1 of their lives and subsequently shifted back to 201C, knock-down of Hsp110 alone caused a drastic lifespan reduction of about 4.5 days (Figure 7, right panel) . This suggests that the other two cytosolic C. elegans NEFs (bag-1 and unc-23) do not efficiently substitute for Hsp110 in cells encountering a high load of protein aggregation. This effect was exacerbated upon double knock-down of Hsp110 and Hsp70. These results demonstrate that a decline in protein disaggregation capacity due to reduction of Hsp110 causes long-term imbalance in proteostasis when combined with increased levels of protein aggregation, resulting in detrimental consequences for the organism as evidenced by the severely shortened lifespan.
Discussion
We report that metazoans have evolved a disaggregation activity exerted by Hsp70, Hsp40 and Hsp110. Hsp110 empowers the Hsp70-Hsp40 system to efficiently solubilize and reactivate substrates in vitro from various protein aggregates, including those with stringent chaperone requirements ( Figure 1B ; Figure 2B , D and F). Moreover, we show that Hsp110 is required for solubilization of protein aggregates at an organismic level in vivo, since knock-down of the only Hsp110 homologue in C. elegans after a short heat shock causes increased formation and persistence of aggregates ( Figure 6 ). It is worth noting that human Hsc70 and Hdj1 display higher intrinsic disaggregation capacity than the yeast homologues Ssa1 and Ydj1 or Sis1 (Figure 2D -F; Supplementary Figure 2C and D), suggesting that the gain in disaggregation capacity of the human Hsp70 chaperone system may not be attributable simply to Hsp110. This adaptation of the Hsp70 system in metazoans compensates for the absence of Hsp104, the potent AAA þ -ATPase in yeast and bacteria that fulfills this disaggregase function in protein homeostasis. We demonstrate that Hsp110 stimulates disaggregation principally via NEF activity and that ATPase-dependent chaperone-like activity is not required (Figure 4 ). Further, with Hsc70 and the alternative Hsp40 DNAJA2, the NEFs Bag-1 or Snl1DN can substitute for Hsp110 in vitro provided the aggregation conditions are mild, showing that stimulation of nucleotide exchange is sufficient under these conditions. Our results contradict a recent study claiming an essential role for Hsp110 ATP hydrolysis and substrate interactions in protein disaggregation in vitro (Shorter, 2011) . Our data are, however, consistent with earlier findings that an ATPase-deficient Sse1 mutant retains functional activity in vivo and suppresses lethality of yeast Dsse1,sse2 mutations (Shaner et al, 2004; Raviol et al, 2006b) .
The critical role acquired by the animal Hsp70-Hsp40-Hsp110 system in disaggregation is emphasized by our observation that knock-down of Hsp110 in briefly heat-shocked C. elegans (on day 1 of their lives) results in persistent aggregates and a drastically reduced lifespan. Recent studies further support our conclusion ascribing the previously enigmatic disaggregation activity in animal cells to the cooperation between the Hsp70 system and Hsp110. Deletion of Hsp105, the most abundant heat stress-inducible Hsp110 homologue (Yasuda et al, 1995; Vos et al, 2008) , causes accumulation of hyperphosphorylated tau and neurofibrillary tangles in mice (Eroglu et al, 2010) . In support of our results, reactivation of luciferase is impaired in Hsp105 À / À murine cells after heat shock (Yamagishi et al, 2011) . Furthermore, we find that small Hsps facilitate the disaggregation process and are essential under some thermal stress conditions ( The overall efficiency we measured for the Hsp70-Hsp40-Hsp110 system under various aggregation conditions remained slightly below that for the complete yeast bichaperone system (including Hsp104). Possibly, fast aggregate removal may be less critical in animal cells compared to bacteria, plants and fungi which cannot escape if exposed to stressful environmental conditions. An Hsp70 system with expanded chaperoning repertoire including a disaggregation activity could supersede a dedicated disaggregation factor. The animal Hsp70 system has adapted to solubilizing aggregates by employing Hsp110s, but may also be networked with additional, specialized co-chaperones. We have addressed the contribution of sHsps by employing the well-characterized yeast Hsp26 chaperone, which is activated by elevated temperatures (Cashikar et al, 2005; Haslbeck et al, 2005) . While MDH aggregates obtained in the absence of an sHsp could be resolubilized efficiently by the human Hsp70 system ( Figure 2F ) or the yeast bichaperone system (Supplementary Figure 2E) , luciferase aggregates formed under similarly high substrate concentration (0.5 mM MDH versus 2 mM luciferase) required Hsp26 for disaggregation by the human or yeast chaperones (Figure 2B and C; Supplementary Figure 2B ). This requirement was alleviated when luciferase was thermally aggregated at 100-fold lower concentrations (20 nM) (Figure 2D and E; Supplementary Figure 2C and D) . These results suggest that depending on the identity and concentration of the substrate, the presence of an sHsp in preformed heat-induced protein aggregates is essential for disaggregation. Mammalian cells possess a great number of sHsp homologues (11 in human cells) (Kampinga et al, 2009) , which can form different hetero-oligomeric complexes (Bukach et al, 2009; Mymrikov et al, 2011; Skouri-Panet et al, 2011) . It seems likely therefore that individual sHsps contribute to disaggregation differently. This may involve differential activation of their chaperoning capacity or specific interactions with substrates or other cellular components. The yeast Hsp70-Hsp40-Hsp110 system (Ssa1-Ydj1-Sse1) is incapable of efficient protein disaggregation without Hsp104, raising the question as to which component(s) of the metazoan disaggregation machinery evolved to support aggregate solubilization. Our finding that yeast Sse1 largely substitutes for Apg2 in the human Hsp70 system indicates that the gain in disaggregation capacity cannot be attributed to the Hsp110 alone, although presence of an Hsp110 is required. Our results contradict recent data suggesting that the yeast and human Hsp70-Hsp40-Hsp110 systems are equally effective for protein disaggregation in vitro, and that yeast Sse1 mutants with impaired substrate binding or ATPase activities are defective in stimulating disaggregation via yeast Hsp70-Hsp40 (Shorter, 2011) . Further, reactivation of chemically denatured luciferase reported by the Shorter study is extremely slow and inefficient compared to our data. Our results, however, clearly indicate that chemical aggregation is permissive for disaggregation. Finally, it is not possible to distinguish whether low level reactivation documented in the Shorter study reflects disaggregation or refolding of a sub-population of misfolded substrate, as the fraction of aggregated substrates is unclear. Discrepancies between our data and the Shorter work could arise through use of suboptimal concentrations of Hsp110 variants. We found Hsp110 activity strongly concentration dependent ( Figure 4D ). Shorter used equimolar concentrations of Hsp110 relative to Hsp70. This ratio reflects a very high Hsp110 concentration that according to our data should inhibit disaggregation. In contrast, in our experiments we titrated all NEFs including Apg2 mutants individually to their optimal concentrations.
Interestingly, we find that the NEFs Bag-1 or Snl1DN support in vitro disaggregation of relatively amenable protein aggregates in cooperation with the type I Hsp40 DNAJA2 but fail to do so with the type II Hsp40 Hdj1 (Figure 5 ), while Hsp110s stimulate disaggregation irrespective of which Hsp40 is employed (Figures 1, 2 and 5 ). Also, it should be noted that significant reactivation from stringently obtained aggregates requires the presence of Hdj1 (Figures 2B and 5D ). Thus, it appears that the combination Hsc70-Hdj1-Hsp110 includes an activity or a level of component integration that other combinations tested are lacking. Whether Hsp40-related differences in structure, substrate interactions or stimulation of the Hsc70 ATPase, differing affinities of the NEFs for Hsc70 or Hsp110-substrate interactions are responsible for the observed differences remains unclear. One explanation may relate to the observation that productive refolding depends on optimal Hsp70 cycling rates (Gassler et al, 2001) , because, e.g., premature substrate release from Hsp70 could cause aggregation. Our results are consistent with the interpretation that both NEF and Hsp40 modulate critical parameters of the Hsp70 functional cycle, and in some combinations promote optimal disaggregation in vitro. Alternatively, differences in substrate interaction and holdase activities between Hsp40 proteins may account for the Hsp40-dependent differences we observe: Type I Hsp40 proteins have been reported to be superior to type II Hsp40s in mediating refolding and preventing protein aggregation by acting as holdases. Although both Hsp40 types bind substrates similarly well, the interaction kinetics and substrate specificities differ (Lu and Cyr, 1998; Cintron and Toft, 2006) . In addition, substrate binding to Hsp110 may contribute to substrate targeting of the system or to prevention of reaggregation. Conceivably, substrate interactions of Hsp40s and potentially of Hsp110s may affect the efficiency of disaggregation by targeting different substrate populations or by handing over substrate to Hsp70 more or less productively, thus influencing the path of Hsp70 action.
Our work suggests that Hsp70 NEFs have separate functions in vivo, since knock-down of Hsp110, but not of Bag-1, in C. elegans abrogates the solubilization of heat-induced aggregates and causes severe premature ageing. This apparent specialization may derive from differential interaction of Hsp110, Bag-1 and Hsp40 proteins with other cellular factors. Hdj1, which together with an Hsp110 supports efficient disaggregation, is co-induced with Hsp70 after heat shock (Hattori et al, 1993) and is required for survival after heat shock (Uchiyama et al, 2006) . In contrast, DNAJA2, which supports less efficient disaggregation with any NEF, is not heat induced and appears to function in mitochondrial protein import (Terada and Mori, 2000; Bhangoo et al, 2007) . Therefore, while DNAJA2 serves to dissect mechanistic aspects of disaggregation in metazoans, it is unlikely to be physiologically relevant in co-chaperoning protein disaggregation. Furthermore, Bag-1 is thought to recruit Hsp70 substrates for proteasomal degradation via direct interaction with the proteasome and the E3 ligase CHIP (Alberti et al, 2003) . Hsp110 proteins, on the other hand, might recruit Hsp70 to the vicinity of protein aggregates by directly interacting with substrates. Our data do not exclude the possibility that direct substrate interactions of Hsp110 may contribute to aggregate solubilization in the cell where substrate targeting or a high processivity of Hsp70 may be limiting for efficient protein disaggregation. It is worth noting that an NEFdeficient mutant such as Apg2-N619Y/E622A whose interaction with Hsp70 chaperones is compromised ( Figure 4B ) would consequently also lack a putative Hsp70-substratetargeting activity, obscuring any contribution of Hsp110 substrate binding.
The large number of Hsp70 chaperones and co-chaperones in metazoans suggests the possibility of a range of functional cooperations for Hsp70 members with NEFs, for instance in protein folding, disaggregation, degradation and translocation across membranes. This could explain the weaker phenotype for single knock-downs of Hsp70 and Hsp110. The stronger effect of Hsp110-Hsp70 double knockdown (Figure 7) suggests that alternative NEFs and Hsp70 cooperate with HSP-1 and C30C11.4, respectively. The C. elegans genome encodes seven cytosolic Hsp70 genes (hsp-1, K09C4, F54C9, C12C8.1, F44E5.4, F44E5.5 and F11F1.1). There are also two cytosolic non-Hsp110 NEFs: F57B10.11 (bag-1) and the largely uncharacterized H14N18.1a (unc-23) (Nikolaidis and Nei, 2004) . Our observations in heat-shocked C. elegans clearly implicate Hsp110 in aggregate quality control. However, it remains unclear how localization, availability and specific interactions of components of the cytosolic chaperone network influence the fate of non-native proteins. Studying precisely how metazoan cells call on different components of the cytosolic chaperone network to coordinate substrate flow through degradative or conservative pathways will be highly informative.
Materials and methods
Proteins
Ssa1, Sse1, Hsc70, Hsp70, Hdj1, DNAJA2, Apg1, Apg2 and Apg2 or Sse1 mutants were expressed with an N-terminal His6-Smt3 tag and purified by affinity chromatography using a Ni-IDA matrix as published earlier (Andreasson et al, 2008b) . The tag was cleaved with Ulp1. For efficient cleavage, two glycine residues were introduced at the N-terminus of Apg1 and Apg2. Apg2 point mutants were generated by single-stranded mutagenesis. His-Ydj1 was purified by nickel affinity chromatography followed by cation exchange chromatography using an SP sepharose column. Hsp105 was expressed with an N-terminal His6 tag (Dragovic et al, 2006) and purified by Ni-IDA affinity chromatography followed by cleavage of the tag with TEV protease. Hsp104 was purified as described earlier (Tessarz et al, 2008) . Firefly luciferase was purified with a C-terminal His-tag employing Ni-NTA chromatography. MDH was purchased from Roche and pyruvate kinase was obtained from Sigma-Aldrich.
Luciferase disaggregation and reactivation
For chemical aggregation, 2 mM luciferase was incubated at 301C for 30 min in the presence of 4 M urea (Figure 1 ; data in Figure 1B are an average of data sets using either 4 M or 6 M urea), followed by 100-fold dilution into refolding buffer (40 mM Hepes-KOH pH 7.5, 50 mM KCl, 5 mM MgCl 2 , 2 mM DTT, 2 mM ATP, 3 mM PEP, 20 ng/ml pyruvate kinase, 10 mM BSA). For stringent thermal aggregation (Figure 2A-C) , 2 mM luciferase with 10 mM Hsp26 was incubated at 451C for 15 min, followed by 100-fold dilution into refolding buffer. In order to obtain luciferase aggregates under less severe conditions of thermal aggregation ( Figure 2D and E), 20 nM luciferase with 100 nM Hsp26 was incubated at 451C for 15 min and the dilution step was omitted. Subsequently, chaperones were added at the following concentrations: Hsp70 2 mM, Hsp40 1 mM, Apg2 0.2 or 0.4 mM, Apg1 0.3 mM, Hsp105 0.4 mM, Bag-1 0.4 or 0.8 mM, Sse1 0.1 or 0.2 mM, Snl1DN 1 or 2 mM, Hsp104 1 mM. For disaggregation of aggregates from cell lysates, chaperones were added at the following concentrations: Hsc70, Ssa1 or DnaK 2 mM, Hdj1 or Ydj1 1 mM, DnaJ 0.4 mM, Apg2 0.2 mM, Sse1 0.1 mM, GrpE 0.2 mM, Hsp104 or ClpB 1 mM. Reactivation of luciferase was monitored as published (Gassler et al, 2001 ).
Assessment of luciferase aggregates
Samples for supernatant-pellet assays were prepared in a similar fashion as for activity assays, however, final concentrations of luciferase were 50 nM. Native or aggregated luciferase was ultracentrifuged at 315 000 g for 30 min. Distribution of luciferase in supernatants and pellets was determined by SDS-PAGE and aluciferase western blotting using a polyclonal antibody from rabbit that was generated against purified luciferase. Luciferase amounts were quantitated by densitometry using the software ImageJ. For assessment of aggregates by gradient centrifugation, native or thermally aggregated luciferase (20 nM final concentration) was overlaid on a glycerol step gradient (3-23% glycerol in 40 mM Hepes-KOH pH 7.5, 50 mM KCl, 5 mM MgCl 2 , 2 mM DTT, 1 mM BSA) and ultracentrifuged in an SW60 rotor at 35 000 r.p.m. for 2.5 h. Distribution of luciferase and Hsp26 in the various fractions was determined after acetone or TCA precipitation by SDS-PAGE and a-luciferase and a-Hsp26 western blotting.
MDH disaggregation and reactivation
MDH at a concentration of 0.5 mM was aggregated thermally by incubation at 471C for 30 min. Subsequently, it was diluted 4 Â into refolding buffer (25 mM Hepes-KOH pH 7.5, 50 mM KOAc, 5 mM Mg(OAc) 2 , 2.5 mM DTT, 10 mM ATP). Chaperones were added at the following concentrations: Hsp70 4 mM, Hdj1 1 mM, Apg2 0.4 mM, Bag1 0.4 mM, Ssa1 2 mM, Ydj1 1 mM, Sse1 0.2 mM, Hsp104 1 mM. MDH reactivation was monitored as published (Mogk et al, 2003b) except that the protocol was adapted to 96-well microtiter plate format. Supernatant-pellet assays were performed as for luciferase, MDH distribution was determined by SDS-PAGE.
Prevention of aggregation
Luciferase at a concentration of 0.2 mM in HKM buffer (25 mM Hepes-KOH pH 7.5, 50 mM KCl, 5 mM MgCl 2 ) with 2 mM DTT, 2 mM ATP, ±0.8 or 1.6 mM Apg2 and BSA to a total protein concentration of 2 mM was shifted from 251C to 421C and light scattering was monitored at 600 nm.
Biochemical characterization experiments
Release of the fluorescently labelled ADP-analogue MABA-ADP from Hsp70 or Hsc70 was performed as described earlier for Ssa1 (Andreasson et al, 2008b) .
Steady-state ATPase rates were obtained by a coupled enzymatic test as described earlier (Ali et al, 1993; Rampelt et al, 2011) .
To assess complex formation between Apg2 variants and Hsc70, pulldowns were performed as published earlier (Andreasson et al, 2010) using 17 mM His 6 -Smt3-Hsc70, 7 mM Apg2 variants and 50 mM ATP. The proteins were incubated with Co-IDA resin.
Cell culture and immunofluorescence of mammalian cells
The plasmid pCV05 for the creation of stably transfected U2OS-TREX cell line expressing EGFP-labelled luciferase fusion was obtained by subcloning firefly luciferase with the N-terminal EGFP tag into the TOpuro vector (Sandler et al, 2011) using KpnI and BamHI restriction sites, resulting in pCV05.
U2OS-TREX cells kindly obtained from Georg Stoecklin were transfected with pCV05 using polyethylenimine (PEI). Twenty-four hours post transfection, 2 mg/ml puromycin (Sigma) was added to the medium and the selection of stable clones was performed for 2 weeks. Subsequently, cells were harvested and diluted into 96-well plate in a way that only one cell was present per well. After 1 more week under selective pressure, puromycin was removed and cells were expanded to a cell line.
Cells were cultivated in DMEM supplemented with 10% FCS and penicillin/streptomycin. EGFP-luciferase was induced by growth for 1 day in the presence of 1 mg/ml doxycycline. For immunofluorescence, cells were grown on coverslips, fixed with 4% paraformaldehyde for 3-10 min and permeabilized with 0.1% Triton X-100 for 10 min, followed by blocking with 5% BSA for 1 h. Staining for endogenous Apg2 was performed by incubation with a-Apg2 antibody produced in rabbit and subsequent incubation with Cy3-labelled a-rabbit antibody. In addition, nuclei were stained with DAPI. Imaging of Cy3, GFP and DAPI was performed on a Perkin-Elmer ERS-6 spinning disk confocal microscope using the software Volocity by PerkinElmer as well as ImageJ.
Cell lysis, heat shock and light scattering measurements
Lysates of U2OS cells expressing EGFP-luciferase were obtained by scraping PBS-washed cells with lysis buffer (25 mM Hepes-KOH pH 7.5, 10 mM MgCl 2 , 1 mM EDTA, 1 mM ATP, 1 mM PMSF). Crude lysates were cleared by centrifugation at 1400 r.p.m. for 10 min and ultracentrifugation at 315 000 g for 30 min. Lysates were heat shocked at 451C for 10 min and the buffer was adjusted to equal the composition of the refolding buffer (see section Luciferase disaggregation). Reactivation of luciferase and supernatant-pellet assays were performed as detailed in the corresponding sections. Light scattering was measured at 600 nm with a Perkin-Elmer LS50B spectrofluorimeter.
Maintenance of C. elegans
Nematodes were grown on NGM plates seeded with E. coli OP50 strain at 201C. For synchronization, gravid adults from one 10 cm NGM plate were collected in a canonical tube and treated with 20% alkaline hypochlorite solution under vigorous agitation for 4 min. The eggs were then washed three times with cold 0.1 M NaCl solution. The eggs were allowed to hatch in M9 medium at 201C for 22 h. The arrested L1 larvae were subsequently used for RNAi or lifespan experiments. Strains in this study were as follows:
Bristol strain N2 (wild type) and Punc54::luciferase::yfp (J Kirstein-Miles, unpublished data), which was created by injection of 100 ng/ml of a plasmid encoding unc54::luciferase-yfp::unc54-3'UTR as simple array into the germline of young wild-type (N2) nematodes. The transgenic progeny was then subjected to g-irradiation to integrate the extrachromosomal arrays and subsequently backcrossed three times.
Lifespan assay
Nematodes were transferred as L1s to IPTG (1 mM) containing NGM plates seeded with the respective dsRNA expressing E. coli strains (J Ahringer, University of Cambridge, UK). Twenty nematodes were
